Blood plasma concentrations of volatile fatty acids (VFA) in the carotid artery, and the femoral, portal and hepatic veins were measured in pigs fed a low carbohydrate diet (LC group, n=3), and in those fed a high carbohydrate diet (HC group, n=4). The mean body weights at the sampling time were 33.1 for the LC group and 42.2 kg for the HC group. The hepatic endogenous production of not only acetate, but of also propionate and butyrate was found, and it was suggested that the net hepatic endogenous production of VFA in the LC group was higher than that in the HC group. The arteriovenous differences in acetate concentration across the hind limb and the portaldrained viscera suggested that the acetate uptake in both tissues was higher in the LC group than in the HC group. A comparison between the portal appearance of VFA and its absorption from the large intestine showed that a large proportion of VFA from the large intestine was metabolized during absorption, and consequently, endogenous VFA seemed to be the important contributor to the VFA circulating in the general body tissues of the pig.
INTRODUCTION
Our preceding paper showed that significant amounts of volatile fatty acids (VFA) were absorbed from the large intestine of the pig. In the ruminant, however, it is known that subDepartment of Veterinary Internal Medicine, Faculty of Veterinary Medicine.
2The authors are indebted to Messrs. K. Kagota, M. Niiyama, T. Kojima, T. Iwase, E. Deguchi, H. Murata stantial fractions of VFA produced in the rumen are metabolized during absorption; that for the general body tissues, endogenous acetate is quantitatively important; and that the liver is one of the chief sites of endogenous acetate production (Bergman and Wolff, 1971; Costa et al., 1976) . Also, in the pig, Freeman et al. (1970) , after measuring acetate entry rates, suggested the importance of endogenous acetate. In the present study, the hepatic endogenous production of VFA and its uptake by the hind limb and the portal-drained viscera in pigs were studied at low and high levels of carbohydrate intake, and the extent of the metabolism of VFA during absorption from the large intestine of the pig was estimated by using the data on portal plasma flow reported by Wolfe and Belbeck (1975) .
MATERIALS AND METHODS
The pigs and diets used in this study were identical to those described in the preceding paper. Four pairs of Large White secondary specific-pathogen-free barrows, initially weighing 23.0 + 2.1 (SD) kg, and each about 2 months of age, were allotted to two groups: a group with a low level of carbohydrate intake (LC group) and another group with a high level of carbohydrate intake (HC group). The two pigs of each pair were derived from the same litter. Each group consisted of four pigs, one from each pair. The diet for the HC group was made by adding corn starch (27.8%) and glucose (16.7%) to the diet for the LC group. Each pig was kept in a digestion cage under specific-pathogen-free conditions. On the 36th to 39th days of the experiment, blood samples were taken after 15-hr fasting from pairs 1 and 2, and 1.5 hr after the morning meal from pairs 3 and 4. Due to an accident, one pig belonging to the LC group in pair 4 could not satisfy the sampling conditions (i.e., 1.5 hr after the morning meal); thus, the data for this pig were and H. Vaguchi for their technical assistance.
omitted. The pigs were premedicated with an 479 intramuscular injection of azaperone (2 mg/kg body weight), and 10 min later, they were anesthetized with halothane (1 to 1.5% in oxygen). In the concentration used here, halothane is known to have little specific effect on glucose metabolism and insulin action on it (Heath et al., 1977; Rosenberg et al., 1977) . Before digesta samples were taken (see the preceding paper), the carotid artery, and the femoral, portal and hepatic veins were exposed by simple surgery, and blood samples (20 ml) from these four sources were simultaneously withdrawn into heparinized syringes. They were immediately centrifuged at 3,500 rpm for 10 rain, and the separated plasma samples were stored at --20 C for subsequent analyses of volatile fatty acids. The mean body weights at sampling time were 33.1 -+ .7 (SD) (n=3) for the LC group, and 42.2 -+ 2.2 kg (n=4) for the HC group.
Plasma VFA concentrations were measured on triplicate samples by gas-liquid chromatography. The plasma samples were prepared by a method similar to that described by Perry et al. (1970) . Each plasma sample (2 ml) was acidified on a pH meter by the dropwise addition of 1M H3PO4, and 1 ml of an aqueous solution of crotonic acid (1 raM) was added to each of the samples as an internal standard. The samples were then steam-distilled in a Kjeldahl apparatus. The distillates were made basic with .1N NaOH, evaporated to dryness at 80 C. The sodium salts of VFA were then dissolved in 50 /A of a solution of one part 99% formic acid and nine parts reagent grade acetone, and subjected to gas chromatography. The gas chromatograph (Hitachi 163, Japan) was fitted with a flame ionization detector. A glass column (2 m x 3 mm i.d.) which was packed with 10% SP-1200 and 1% H3PO4 on Chromosorb WAW of 80/100 mesh, was used. The carrier gas was nitrogen, with a flow rate of 10 ml/min. The oven temperature was set at 140 C, and the inlet and detector temperature at 180 C. Calculation of VFA concentrations was made in the same way as described in the preceding paper.
For statistical analysis, the paired-sample t-test and the two-sample t-test were used (Campbell, 1974) .
RESULTS
The concentrations of plasma VFA from the four sources are shown in table 1. In all pigs, the concentrations of plasma acetate in the hepatic vein were higher (P<.01 by the pairedsample t-test, n=7) than those in any other vessel throughout the fasted and fed states. After 15-hr fasting, hepatic venous concentrations of acetate were higher (P<.02 by the paired-sample t-test, n=2) in the LC group than in the HC group. There was a similar trend between the two groups 1.5 hr after the morning meal. Arterial plasma concentrations of acetate in the LC group were higher (P<.10 by the paired-sample t-test, n=3) than those in the HC group throughout the fasted and fed states. Portal plasma concentrations of acetate were not higher than those in the carotid artery in any of the pigs except one which was fed the morning meal in the HC group. There was no statistically significant difference in plasma acetate concentrations in the portal and femoral veins between the two groups throughout the fasted and fed states. The concentrations of plasma propionate and butyrate in the hepatic vein were higher than those in any other vessel in all pigs (P<.02 for propionate, and P<.01 for butyrate by the paired-sample t-test, n=7, respectively). Arterial, femoral and portal plasma concentrations of propionate and butyrate were very low.
Net hepatic endogenous production of acetate, propionate and butyrate was found (tables 2 and 3). The hepatic-portal and hepatic-arterial differences in the concentrations of the three VFA were all positive in both groups. After 15-hr fasting, the hepatic-portal venous differences in acetate and propionate concentrations were greater in the LC group than in the HC group, and the mean ratios of the hepatic-portal venous concentration differences in the LC group to those in the HC group (L/H ratio) were 1.60 for acetate (P<.05, null hypothesis: L/H ratio = 1), and 1.47 for propionate (P<.05), respectively. Similar trends were seen in butyrate after 15-hr fasting and in all three VFA 1.5 hr after the morning meal. The hepatic-arterial concentration differences followed almost the same trends between the two groups as did the hepatic-portal venous concentration differences. Among the four pairs, the hepatic-portal venous and hepatic-arterial differences in plasma concentrations of VFA were higher in pair 1 than in pair 2 after 15-hr fasting, and 1.5 hr after the morning meal, they were higher in pair 3 than in pair 4 (one pig of the HC group). The cause of these differences is not apparent, but it seemed to be related to the 
Daily feed intake during the experiment was: pair 1 > pair 2 = pair 3 > pair 4, owing to differences in the initial body weights. Arterial-femoral venous and arterial-portal venous differences in the plasma acetate concentration showed an acetate uptake in the hind limb and in the portal-drained viscera of both groups (table 4). The arteriovenous concentration differences in plasma acetate across the hind limb were greater in the LC group than in the HC group throughout the fasted and fed states. After 15-hr fasting, they were about twice as gt:eat (P<.05 by the two-sample t-test) in the LC group than in the HC group. Mean uptake ratios (arteriovenous difference + arterial concentration X 100) of acetate in the hind limb were also higher (P<.05 by the two-sample t-test) in the LC group than in the HC group after 15-hr fasting. One and a half hr after the morning meal, there was a similar trend between the two groups. In the HC group, the arteriovenous concentration differences in plasma acetate and the acetate uptake ratios in the hind limb decreased after the morning meal, compared to those after 15-hr fasting (P<.05 and P<.02 by the two-sample t-test, respectively). The arteriovenous concentration differences in plasma acetate and the acetate uptake ratios in the portal-drained viscera were greater in the LC group than in the HC group throughout the fasted and fed states (P<.05 and P<.01 by the paired-sample t-test, n=3, respectively). Arteriovenous concentration differences in propionate and butyrate across the hind limb and the portal-drained viscera were negligible in both groups.
Discussion
Hepatic Endogenous Production of VFA. The present study indicated that not only acetate but also propionate and butyrate were produced by the liver of the pig, and suggested that the net hepatic endogenous production of these acids was higher in the pigs fed a low carbohydrate diet (LC group) than in the pigs fed a high carbohydrate diet (HC group).
Because we did not determine the hepatic and portal plasma flow in this experiment, the net hepatic endogenous production rates of VFA were estimated by using the data on hepatic and portal plasma flow rates reported by Wolfe and Belbeck (1975) (hepatic plasma flow rate was 45.6 + 9.0 ml/min.kg .75 and portal flow was about 50% of the hepatic flow in five miniature swine weighing 30 to 47 kg). The equation used was: net hepatic endogenous production (mmoles/ min) = Fpv (Chv --Cpv) + F a (Chv --Ca)
where Fpv and F a are the plasma flow rates (ml/min) for the portal vein and hepatic artery and Chv , Cpv and C a are the plasma concentrations of the VFA (mmoles/ml) in the hepatic vein, portal vein and carotid artery. The hepatic arterial plasma flow (Fa) was obtained by subtracting the portal plasma flow (Fpv) from the hepatic plasma flow. This calculation gave the mean net hepatic endogenous production rates (mmoles/min) of acetate, propionate and butyrate as follows: .218 + .085, .053 + .042 and .018 + .009 for the LC group and .186 -+ .061, .048 +-.039 and .014 +-.005 for the HC group, respectively (these values are the means and SD for three pigs from pairs 1, 2 and 3). These values suggest that the net hepatic endogenous production rates of VFA in the LC group are higher than those in the HC group. Owing to the difference of carbohydrate intake, the mean body weights in the LC group were about 10 kg smaller than those in the HC group at the time of sampling. If the body weights at sampling time had been equal in both groups, the differences in the estimated rates of net hepatic endogenous VFA production between the two groups would have been shown more clearly.
Under normal conditions except for those where ethanol is oxidized, free acetate from the liver is considered to be derived mainly from the deacylation of hepatic mitochondrial acetyl-CoA, which is catalized by acetyl-CoA hydrolase (EC 3.1.2.1) (Knowles et al., 1974) , or by the combined action of carnitine acetyltransferase (EC 2.3.1.7) and acetylcarnitine hydrolase (Costa and Snoswell, 1975b) . The net release of free acetate from the liver, therefore, may be determined by both the equilibrium between the deacylation of acetyl-CoA and its reactivation in the acetyl-CoA synthetase (EC 6.2.1.1) reaction (Seufert et al., 1974) , and the concentration of hepatic mitochondrial acetylCoA. The activity of acetyl-CoA hydrolase or acetylcarnitine hydrolase from the rat liver increases when hepatic lipogenesis deGreases, e.g., on starvation (Knowles et al., 1974; Costa and SnosweIl, 1975a) . Acetyl-CoA synthetase activity in the liver of the rat and mouse is 
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mainly in the cytoplasm, and it increases when hepatic lipogenesis increases, e.g., on a high carbohydrate diet or by insulin, and decreases when hepatic lipogenesis decreases (Barth et al., 1972; Rous, 1977 ). It appears likely, therefore, that the net hepatic endogenous production of acetate increases with the decrease in hepatic lipogenesis, and decreases with the increase in hepatic lipogenesis if the concentration of hepatic mitochondrial acetyl-CoA as a substrate of hepatic lipogenesis is kept constant. It has been considered that hepatic mitochondrial acetyl-CoA as a substrate of free acetate is derived mainly from fatty acid oxidation (Palmquist, 1972; Costa et al., 1976) . Starvation increases the rate of fatty acid oxidation in comparison with that of fatty acid esterification in the rat liver, and insulin increases the rate of fatty acid esterification in the liver (Newsholme and Start, 1973) .
Because oral ingestion of glucose augments insulin secretion (Perlev and Kipnis, 1967) , the pigs fed a high carbohydrate diet in the present experiment are considered to have had a higher level of insulin secretion, and consequently to have had an increased lipogenesis in the liver, as compared to those fed a low carbohydrate diet. Thus, it is expected that the net hepatic endogenous production of acetate in the LC group would be higher than that in the HC group, as the results of the present study suggested.
Carnitine acetyltransferase and acetylcarnitine hydrolase catalize the deacylation of propionyl-CoA and butyryl-CoA as well as acetyl-CoA (Fritz et al., 1963; Costa and Snoswell, 1975a) . Propionate is activated in liver cytoplasm mainly by the acetyl-CoA synthetase which catalizes the activation of acetate, and the activity of hepatic butyryl-CoA synthetase increases on a carbohydrate diet and decreases on starvation in the same manner as that of the acetyl-CoA synthetase (Barth et al., 1972) . These findings seem to support the hepatic endogenous production of propionate and butyrate, and the differences in net hepatic endogenous production rates of these acids between the two groups in the present study.
Utilization of Acetate. The present study showed an acetate uptake in the hind limb and in the portal-drained viscera of the pig. It was shown in the hind limb of the rat and sheep, the human forearm, and in the intact dog, that the uptake of acetate increases with the increase in the arterial concentration of acetate (Ciaranfi and Fonnesu, 1954; Lundquist et al., 1973; Knowles et al., 1974; Karlsson et al., 1975) . The amount of acetate oxidized to CO2 and H20 is considered to increase with the increase in acetate uptake (Karlsson et al., 1975) .
In the present experiment, the arterial concentrations of acetate were higher in the LC group than in the HC group, and the arteriovenous differences in acetate concentration and the acetate uptake ratios in the hind limb and the portal-drained viscera were greater in the LC group than in the HC group. It appears likely, therefore, that the pigs of the LC group consumed more acetate as an oxidative substrate than the pigs of the HC group. If this were not so, the contribution of acetate to the oxidative metabolism would have been greater in the LC group than in the HC group. This may correspond to the finding of Freeman et al. (1970) that the contribution of acetate to total CO2 output was greater in fasted pigs than in fed pigs.
Portal Appearance of VFA Absorbed from the Large Intestine. In our preceding paper, it was shown that the pigs of the LC group absorbed more acetate from the large intestine than did those of the HC group. This difference, however, was not reflected clearly in the portal acetate concentrations in the present study. This seems to be due to the fact that not all of the VFA absorbed from the digestive tract reaches the portal vein. Studies of isolated rumen epithelium (Stevens, 1970) showed that metabolism by the epithelium during absorption accounted for 45% of the acetate, 65% of the propionate and 85% of the butyrate absorbed from the lumen bath.
In order to compare the amounts of VFA that appeared in the portal vein in the present study with those of VFA absorbed from the large intestine which were reported in the preceding paper, the former was estimated by using the data on portal plasma flow described above (Wolfe and Belbeck, 1975) , on the assumption that the portal VFA were all derived from the large intestine. This calculation gives the mean values (mmoles/hr) of 7.40, .08 and .07 for acetate, propionate and butyrate in the LC group (n=3), and 6.49, .17 and .08 for each of these acids in the HC group (n=4), respectively. These values account for approximately 31, 1 and 3% for the acetate, propionate and butyrate absorbed from the large intestine in the LC group, and 43, 2 and 3% for each of these acids absorbed from the large intestine in the HC group, respectively. These estimates indicate that a large proportion of VFA of dietary origin, especially of propionate and butyrate, are metabolized during ~tbsorption by the epithelium of the large intestine of the pig. In addition, it is suggested that endogenous VFA is the important contributor to the VFA circulating in the general body tissues of the pig, and that hepatic endogenous VFA seems to make a quantitatively important contribution to the total endogenous VFA in the pig, when the portal appearance of VFA is compared with its endogenous production by the liver. As for blood acetate in the pig, Freeman et al. (1970) also suggested the importance of endogenous acetate, after measuring acetate entry rates and arterial concentrations of acetate in fed and fasted pigs.
The VFA metabolism in the epithelium of the large intestine of the pig suggests that VFA may play an important role in the function of the large intestine. In recent years, Argenzio et al. (1975) showed the stimulatory effect of VFA on net Na and water absorption in the goat colon.
The present and preceding studies on the pigs suggest that when there is a change in the soluble carbohydrate intake level, there is also a corresponding change in acetate production and absorption in the large intestine, in endogenous production of acetate by the liver, and in acetate uptake by the peripheral tissues.
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